A palladium-nanoparticle/acrylic-polymer hybrid negative pattern was formed on a flexible film by photolithography and then converted to a copper pattern by electroless plating. The negative pattern of the hybrid was formed by UV-irradiation of the resist film, which contained acrylate monomer, palladium salt, and a photo-radical initiator. The photochemically generated radicals induced the radical polymerization of the acrylate and also reduced the palladium ion to form palladium nanoparticles. A copper film was deposited on the surface of the hybrid pattern by electroless plating, where the palladium nanoparticles work as a catalyst.
Introduction
Printed circuits on a flexible film are important components for flexible electronics. Electroless metal deposition is a simple and cost-effective method to fabricate metallic patterns on a flexible film. Conventional patterning has been achieved by multistep lithographic methods, which include pre-treatment of a flexible film, applying resist, patterning of the resist by lithography (e.g., UV-exposure and development), deposition of metal by electroless plating, lifting off the resist and post-treatment. Recently, an alternative approach to the fabrication of the metallic pattern using a combination of photolithography and electroless plating has been reported. [1] [2] [3] [4] Copper is the most important metal for this because of its high conductivity and low electromigratory property. Therefore, we have proposed fabricating the copper micropattern by electroless plating on the pattern formed by photolithography as shown in Fig. 1 . [5] [6] [7] In this paper, we report on the formation of a palladium-nanoparticle/acrylic-polymer hybrid negative pattern on a flexible film by photolithography and its conversion to a copper pattern by electroless plating. We also observe the surface of the hybrid film using an atomic force microscope (AFM) and a field-emission scanning electron microscope (FE-SEM), and discuss the effect of nanoscale roughness of the hybrid surface on its adhesion to the copper film.
Experimental
The typical hybrid negative patterns containing palladium nanoparticles were prepared as follows: palladium Transmission electron microscopy (TEM) images were obtained using a JEOL model JEM-2100 microscope at an acceleration voltage of 100 kV. The specimens were prepared by dropping the THF-solution of the mixture onto a carbon-coated copper grid and allowing THF to evaporate, followed by UV-irradiation and annealing at 120°C.
An atomic force microscope (AFM, Nanopics, Seiko Instrument, Inc.) operated in the damping mode with a silicon cantilever and a field-emission scanning electron microscope (FE-SEM, JEOL 6700F) were used to observe the film surface.
Results and Discussion
The copper micropattern was fabricated by photolithography and electroless plating as shown in Fig. 1 . The negative pattern (thickness 0.09 μm, 250 μm L/S) of the palladium-nanoparticle/acrylic-polymer hybrid was formed by the UV-irradiation of the resist film containing TMPTA, palladium (II) acetate, silica nanoparticles, Darocure 1173 and hydroquinone thorough a photomask and following development (Fig. 2a) . Using electroless copper plating, a copper film was selectively deposited on the surface of the hybrid and the hybrid pattern was then converted to the copper pattern without deformation (Fig. 2b) . The copper thin film (thickness 0.12 μm) was free of cracks or defects.
The FE-SEM image (Fig. 2c ) of the copper film shows granular copper deposits. The copper patterns of 100 and 50 μm L/S were also obtained in a similar way (Figs. 2d and 2e). It is considered that the radical species generated from Darocure 1173 by the UV irradiation induce the radical polymerization of TMPTA and also the reduction of the palladium ion (Fig. 1) , [8] [9] [10] resulting in the formation of the palladium-nanoparticle/acrylic-polymer hybrid negative pattern. The palladium nanoparticles on the surface of the hybrid catalyze the electroless plating.
The photolithography of the resist film containing no hydroquinone resulted in the formation of a pattern with lower resolution. Hydroquinone works as a radical inhibitor and prevents the radical reaction at the un-irradiated part to increase the resolution of the negative pattern.
The adhesion of the copper film on the hybrid was evaluated by a peel adhesion test using 3M tape. The copper film on the hybrid containing silica nanoparticles was completely undamaged after scoring the copper film (20 mm × 10 mm) into 1 mm × 1 mm squares, applying tape to the cut surface, and peeling it off. In contrast most part of the copper film on the hybrid containing no silica nanoparticles was damaged. This shows that silica nanoparticles increase the adhesion between the copper film and the The surfaces of the hybrid patterns containing silica nanoparticles (Fig. 3a) and containing no silica particles (Fig. 3b) were observed by FE-SEM. The roughness of the hybrid surface was evaluated in more detail by AFM ( Fig.   3c and 3d) . The hybrid film containing silica nanoparticles was also observed by TEM (Fig. 4e) . The comparison of all the images shows the formation of palladium nanoparticles in the hybrid surface as shown below. The TEM image (Fig. 3e) shows the palladium nanoparticles (black particles, diameter < ca. 5 nm) and silica nanoparticles (gray particles, diameter = 30-50 nm), although most of the palladium nanoparticles seem to be aggregated. The FE-SEM image of the surface of the hybrid containing silica nanoparticles (Fig. 3a) shows particles with diameters of 5-100 nanometers and 30-50 nanometers, which are attributable as aggregated palladium nanoparticles and silica nanoparticles respectively. The AFM image (Fig. 3c) shows the roughness of the hybrid surface (< ca. 50 nm), which is due to the silica nanoparticles. In contrast the FE-SEM (Fig. 3b) and AFM (Fig 3d) images of the surface of the hybrid containing no silica nanoparticles show aggregated palladium nanoparticles and a flat surface (roughness < ca. 5 nm), respectively. It appears that the roughness due to the aggregated palladium nanoparticles is smaller than ca. 5 nm. These results indicate that the palladium nanoparticles at the surface of the hybrid catalyze the electroless plating, and the nanoscale roughness (< ca. 50 nm) of the surface due to the silica particles increase the adhesion between the copper layer and the hybrid as shown in Fig. 4 . It was reported that metal nanoparticles at the interface promote the adhesion through nanoscale interlocking (anchoring) effect. [3, [11] [12] Electroplating of the copper thin film prepared by the electroless plating resulted in the formation of a thicker copper film (thickness 5 μm, Fig. 4 ). The thicker copper film was free of defects and hard to peel off. This shows the copper pattern prepared as described above could be applied to manufacturing electric circuits.
Conclusion
A palladium-nanoparticle/acrylic-polymer hybrid pattern was formed by UV-irradiation of a resist film containing acrylate monomer, palladium ions, a photo-radical initiator, and silica particles, and then converted to a copper pattern by electroless plating. The nanoscale roughness of the hybrid surface due to the silica particles increased the adhesion of copper. An investigation of the detailed mechanism is currently under way. This process could be applicable for manufacturing printed circuits on a flexible film.
Acknowledgement
This study was partly supported by a Grant-in-Aid for Scientific Research (C) (22550138) from the Ministry of Education, Culture, Sports, Science and Technology of Japan. Financial support from the City of Osaka is also gratefully acknowledged. We thank Okuno Chemical Industries Co., Ltd. and Fuso Chemical Co., Ltd. for the 
